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Abstract

Post stroke cognitive impairment (PSCI) is an understudied, long-term complication of stroke,
impacting nearly 30-40% of all stroke survivors. No cure is available once the cognitive
deterioration manifests. To our knowledge, this is the first study to investigate the long-term
effects of C21 treatment on the development of PSCI in aged animals. Treatments with C21 or
vehicle were administered orally, 24 h post-stroke, and continued for 30 days. Outcome measures
for sensorimotor and cognitive function were performed using a sequence of tests, all blindly
conducted and assessed at baseline as well as at different time points post-stroke. Our findings
demonstrate that the angiotensin receptor (AT2R) agonist C21 effectively prevents the
development of PSCI in aged animals.
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1. INTRODUCTION

1.1 Post stroke cognitive impairment

Post stroke cognitive impairment (PSCI) is an understudied, long-term complication of
stroke impacting nearly 30-40% of all stroke survivors [1]. Stroke increases the risk of
cognitive impairment by at least 5-8 times [2]. This risk is further accelerated with aging in
both men and women [3]. In fact, not only is advanced age the strongest risk factor for
stroke throughout the lifespan [4], it is also the primary cause of cognitive decline
worldwide [5], Although aging is unavoidable, PSCI can potentially be prevented and
properly managed. Unfortunately, there are no FDA approved treatments for PSCI. With the
aging of the population, the number of individuals with post-stroke cognitive deficits will
continue to escalate [6], further increasing the urgency for treatment development in this
area. In fact, The Stroke Progress Review Group at the National Institute of Neurological
Disorders and Stroke identified PSCI a top research priority for the next 10 years [7]. Even
with Alzheimer’s disease (AD), which is thought to be primarily caused by amyloid
pathology, vascular dysfunction due to small vessel disease and stroke, may be of greater
importance than amyloid itself in terms of influencing the disease course, especially in older
individuals [8]. Likewise, stroke and vascular brain injury are now considered very early,
and perhaps initial, pathogenic mechanism not only in PSCI but also in AD [9].

1.2. Pathophysiology

Until recently, it was thought that vascular dementia develops in a step-wise fashion due to
repeated ischemic events, but recent data from a large, NIH-funded, epidemiologic trial
proved that patients often experience a slowly progressive cognitive decline after a single-
stroke lesion, in addition to an acute change [10, 11]. This continuous deterioration occurs
even in the absence of any new stroke lesions [10]. Furthermore, with aging, synapse density
is reduced and cortical neurons as well as axons are lost, leading to atrophy especially in the
prefrontal cortical (PFC) and hippocampal systems. With vascular dysfunction, such age
associated changes are aggravated. Moreover, vascular dysfunction is tightly linked to glial
and neuronal dysfunction [12]. The resulting dysfunction and damage to neurons and glia
will cause further endothelial cell atrophy and microvascular rarefaction owing to their
mutual trophic support of vascular cells creating a vicious cycle [13]. The oxidative and pro-
inflammatory environment induced by vascular dysfunction results in demyelination as
hypoxia, inflammation and oxidative stress damage oligodendrocytes [14] and induce the
development and progression of white matter lesions, all of which contribute to the initiation
and progression of cognitive impairment [15]. Additionally, hypoperfusion and hypoxia,
caused by vascular insufficiency facilitate amyloid B (ApB) production by activating the APP
cleavage enzyme p-secretase, necessary for AR production [14]. Ap further sustains
microglial activation and neuroinflammation [16]. It is also a potent vasoconstrictor that
suppresses endothelium-dependent responses, reduces CBF and worsens cerebral
hypoperfusion [14]. By reducing CBF and transvascular transport, AP reduces its own
clearance leading to its accumulation and toxicity. This constitutes a feed-forward loop [14].
Therefore, despite the diversity of underlying brain pathology, the vascular alterations have
similar mechanistic bases with hypoperfusion, oxidative stress and inflammation leading to
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endothelial damage, blood brain barrier (BBB) breakdown, demyelination and disruption of
trophic coupling between neurovascular unit (NVU) components.

1.3. Renin-angiotensin system (RAS) modulation

Our group has shown that ARBs, by indirectly stimulating brain AT2Rs, are both vascular
and neuroprotective after ischemic stroke [17]. Stimulation of the AT2R has emerged as a
novel therapeutic strategy in vascular and CNS diseases by virtue of its anti-inflammatory,
neuroprotective and tissue regenerating properties [18- 20]. Clinical trial evidence also
supports that ARBs, when used for the treatment of hypertension, prevent cognitive and
functional declines in older adults and lower the risk of dementia and AD [20]. These agents
were also shown to be superior to other antihypertensive medications in preventing early
declines in executive and overall cognitive function [21, 22], these agents also reduce BP, an
AT1R effect which is undesirable in the acute stroke period [23]. Direct AT2R stimulation,
on the other hand, would enable us to achieve the neurovascular benefits of ARBs without
the risk of unintended and potentially dangerous, acute BP lowering. This is especially true
with advanced age and chronic vascular disease, as these are associated with increased
arterial stiffness as well as impairments in cerebrovascular autoregulation. This means that a
fall in BP can lead to a disproportionate fall in cerebral perfusion. Long-term therapy with
C21 may also be the ideal strategy for preventing PSCI in non hypertensive patients, in those
where BP lowering should be avoided or in case of ARB allergies or intolerance. In fact, the
direct AT2R agonist, C21, has been shown to support cognitive function in various animal
models [15,17-19,25,27]. However, little is known about its effects on PSCI. The purpose of
this investigation was to determine the impact of chronic AT2 receptor stimulation, with
C21, on long-term cognitive function and development of PSCI in aged rats.

2. MATERIALS AND METHODS

2.1

2.2.

Experimental Design

A total of 30 young adult, 4-months old, male Wistar rats, were obtained from Charles River
Laboratories and singly housed with free access to food and water, on a 12:12 h light—dark
cycle. These animals were kept for 10 months before starting experiments. Once aged (~14
months old, weight range 630-880g), all animals (with the exception of 3 which served as
shams/unstroked control animals) were subjected to permanent focal ischemia. The stroked
animals were randomly assigned to receive daily C21 or vehicle which was initiated the
following day, 24 h after surgery, and continued for a total of 30 days (Fig.1). All
experimental procedures and animal protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) of the Charlie Norwood Veterans Affairs Medical
Center; Augusta, GA.

Focal Cerebral Ischemia

Focal cerebral ischemia was produced by tandem distal middle cerebral artery occlusion
(dMCAO). This is a permanent stroke model performed by craniectomy, followed by
electrocoagulation of blood within the segment of the middle cerebral artery, distal to the
inferior cerebral vein. This is accompanied by ventral mid-line incision, separation and
“tandem” ligation of the ipsilateral common carotid artery (tandem dMCAO) with 4-0
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silicon-coated nylon suture [24]. We chose this model because the suture occlusion model
has not been validated in such large animals and the dMCAO allows direct observation of
the occlusion and low mortality.

2.3. Treatment

Oral treatment with C21 (VicorePharma, GOteborg, Sweden), or vehicle was initialed 24 h
after stroke and continued for a total of 30 days [25]. Treatments were incorporated into the
drinking water and adjusted, according to their daily intake, to provide them with 0.12
mg/kg/d of C21 an oral dose equivalent to 0.03 mg/kg/day IP (calculated using a
bioavailability of 25%) [25. 26], This dose was based on our previous publications and
shown to have superior cognitive benefits [17, 26, 27]. Treatments were continued for 30
days to combat potential ongoing inflammation [27]. All treatments were prepared and
administered by a blinded investigator.

2.4. Time Window for Treatment

In this study, we initiated treatments 24 h after cerebral ischemia, so as to minimize the
neuroprotective effects of C21 [28] and focus on the longer term progressive tissue damage
and cognitive/neurobehavioral outcomes. Late administration of C21 allows us to assess the
C21 effects on reparative mechanisms including modulation of inflammatory responses as
we have reported in hypertensive animals [27].

2.5. Outcome Measures

2.5.1. Assessment of Functional Outcome—Since rodents are nocturnal animals,
they exhibit the highest level of activity during the dark phase; all behavioral tests were and
were conducted after 5PM, during the animals’ natural dark/active phase to ensure reliable
results.

2.5.1.1. Body Weight: Weight monitoring gives an independent and unambiguous
measure of an animal’s overall health and welfare [30]. For our studies, animals were
weighed periodically before surgery and after tandem dMCAO until the day of sacrifice.

2.5.1.2. Neurobehavioral testing: Animals underwent neurobehavioral testing at baseline
(before ischemic-insult) and again at different time points after the insult, allowing each
individual animal to serve as its own control, hence presenting a more accurate
determination of motor and cognitive abilities. The testing sequence, illustrated in Fig. 1,
was selected based on the nature and purpose of each individual test and in accordance with
the recommendation of a neurobehavioral specialist. In a way designed to minimize task
interference - tasks with aversive components, specifically the Inhibitory Avoidance (1A) and
Morris Water Maze (MWM), used for assessing spatial learning and long-term /reference
memory, were conducted after assessing sensory-motor function (Bederson test) and non-
aversive short-term/ working memory, Novel Object Recognition (NOR) test. All functional
outcomes were assessed using validated, reproducible, blinded tests.

25121 Sensorimotor testing: To assess sensorimotor functions, animals underwent the
Bederson test, for which animals were assigned a score from 0-3. This score was based on
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the parameters: forelimb flexion; diminished resistance to lateral push; and contralateral
circling. The animal was given one point for each parameter, with lower scores indicating
better performance and a score of zero indicating complete absence of deficit [30, 31].
Animals swimming abilities were evaluated using the MWM (limb movement, swim speed
and ability to climb onto the platform).

25.1.2.2 Cognitive testing

The NOR Test: The NOR test was performed to evaluate non-spatial working memory
related to frontal-subcortical circuits [33]. This test, based on the spontaneous tendency of
rodents to explore and interact with a novel object more than a familiar one, typically
consists of 2 trials separated by a retention period and preceded by a habituation phase. The
habituation phase (15min/d) was conducted on 2 separate days, before the start of the test, to
allow animals to acclimate to their arena, which consisted of an empty standard size box. On
the designated test day, animals were first subjected to an acquisition/sample trial, where the
animal is presented with 2 identical (sample) objects and allowed to explore for 10min [32,
33]. Following sample object exposure, the animal was returned to its home cage for a
15min retention period. The 2™ preference/test trial (5min), which follows the retention
period, was conducted in the same manner as the 1%t trial, except that a new/novel object
replaced one of the familiar/sample objects. This interval (delay) between sample and test
trials was adjusted to 15min for selective testing of short-term working memory. The
discrimination index (DI), which is the difference in exploration time for the objects divided
by total time of exploration, and the recognition index (RI), which is the time of novel object
exploration relative total time of exploration, were taken indicators of working memory
[32-34].

Discrimination index (DI) = (Tn- Tg)/ (Tn* Tg)
Recognition index (RI) = Ty / (Tn+ Tg)
Tr and Ty are the times spent interacting with the familiar and novel object respectively.

The Inhibitory Avoidance (1 A) Test: The IA Test (commonly referred to as Passive
Avoidance Test) was used to assess aversive associative learning and related reference
memory. During 1A, the animal must actively inhibit the desire and withhold the response, to
re-enter a dark chamber or explore a novel compartment, after it has experienced an aversive
stimulus in that location [36]. For this test, one of the compartments in a Y-maze equipped
with a metal floor is connected to an electric circuit box adjusted to deliver brief, moderate
intensity electric shocks (3s duration, 1.5mA). For the acquisition trial, designed to
condition against an animal's desire to enter a dark chamber or explore a novel compartment
when exposed to an aversive stimulus, the shock compartment/arm was blocked and the
animal introduced was into one of the “safe” arms and allowed 10mins to explore the 2 open
arms. After I0mins, the door blocking the shock arm was opened allowing the animal to
enter. Once the animal had fully entered the shock arm (base of the tail had crossed into the
arm), its initial latency was recorded and it received a brief electric shock before being
returned to its cage. After a 72h retention period, the test trial was conducted. This was
performed in a manner similar to that of the acquisition trial except that the foot shock was
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omitted and all 3 arms were accessible to the animal from the start. The difference between
training and test sessions, in latency for entering into the desired compartment (shock arm)
was used as a measure of retention. This latency was recorded for up to 300s as an index of
long-term aversive associative memory consolidation [35, 36]. Acquisition and retention
trials were both performed before (pre) and again after (post) surgical procedure, in order to
assess the effect of surgery/treatment by comparing the differences in transfer/step-through
latency times between acquisition and retention trials at 2 time points (before and 4 weeks
after surgery).

The Morriswater maze (MWM) Test: The MWM, which is designed to assess learning,
memory and cognitive flexibility, consisted of a large circular pool of water, 120 cm in
diameter, 55cm height, filled to a depth of 35+1 cm with water at 25+2 °C. The circular pool
was separated into quadrants designated northeast (NE), northwest (NW), southeast (SE)
and south-west (SW), based on the 4 equally spaced cardinal points N (North), S (South), E
(East), and W(West) around the edge of the pool. One of these quadrants contained a
transparent escape platform, submerged 1.5 cm below the water surface and obscured from
view. Visual extramaze cues were mounted to aid spatial navigation. The MWM was used to
assess various aspects of learning and memory, in addition to motor performance [37,38].

MWM- Training/Learning Sessions: The initial training was a total of 7days and consisted
of a single daily trial (120s) per day for 3 consecutive days. This was done to ensure all
animals had adequate motor ability to complete the trials as well as allow appropriate
acclimation to the test procedure. This was followed by 2 daily sessions, 4 trials each (60s/
trial) for 2 consecutive days followed by a single daily 4 trial (60 s/trial) session for 2 more
days. Animals were initially placed on the escape platform, located in a fixed position in the
NE quadrant for 10s before the start of the first trial. Each trial consisted of releasing the rat
into the water from 1 of the 4 starting locations and allowing it 120s to find the platform. If
they did not reach the platform within 120s, they were gently guided to it, kept there for 10 s
then removed. Trials were spaced 30s apart and the animals were held tightly in between
trials. The starting location of each daily session was varied. All trials were recorded and
video tracked by the computerized tracking system Etho-Vision XT 7 (Noldus, Leesburg,
VA, USA). This automated system monitored animals’ swim patterns and calculated mean
escape latency (seconds), total distance travelled to target (cm), and velocity to target (cm/s).
Data from all training sessions were pooled for each individual animal, evaluated and
compared between groups at the different time points [39].

MWM-Spatial Reference Memory Test: A standard place task/ probe test was used to assess
spatial reference memory. This test was conducted on the final days of training. For this test,
all procedures were kept the same as during training, except that the platform was removed
and rats were allowed to swim for 60 s in an attempt to find it. Performance was evaluated
by measuring time spent in the target quadrant/zones, proximity to the target location, and
initial latency to the target zone [39].

MWNM- Learning and Cognitive Flexibility/Reversal Training: Cognitive flexibility, which
allows for flexible updating of representations in response to changing environmental
contingencies, and “new” learning, was assessed by the reversal training/ reversal probe test.
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Such ability is critically dependent on pre-frontal cortical systems and strongly affected by
the aging process across species. For reversal training, all parameters were kept the same,
except that the platform was moved to a new location in the SE quadrant. Each rat was given
a single daily session of 4 trials (120s each) per day for 2-3 consecutive days, to learn the
new location. The reversal probe test was conducted similarly to the initial probe test, for
which all procedures are kept the same as during training, except that the platform is
removed and rats are allowed to swim for 60 s in an attempt to find it. Performance was
evaluated by measuring time spent in the target and previous quadrants/zones, proximity to
the target locations, and initial latency to the target and previous locations [39]

2.6. Animal Sacrifice and Tissue Collection

At day 30, animals were anesthetized with IP ketamine/xylazine and ten mins later,
cerebrospinal fluid (CSF) and plasma was collected. The animals were then decapitated and
their brains isolated for molecular analyses.

2.7. Protein Expression

Quantitative determination of AB1.4o concentrations, in cortical lysates, plasma and CSF,
were carried out using a rat specific sandwich amyloid-p ELISA kit (Wako, USA) according
to the manufacturer’s protocol [18], Protein expression of BDNF was achieved by ELISA
(MBS00713 BDNF, Mybiosource) kit analyses.

2.8. Statistical Analysis

All statistical analyses were performed using SAS 9.4 and statistical significance was
assessed using an alpha level of 0.05, unless otherwise noted. Descriptive statistics (means
and standard deviations) for behavioral data measures in aged animals within group and at
indicated measurement times were determined. Repeated measures mixed models or
nonparametric repeated measures mixed models [40] were used to examine differences in
behavioral outcomes for Bederson (nonparametric mixed model), NOR, PAT and MWM
between the three groups over time. For each outcome, the mixed model contained fixed
effects of group, time and the two-factor interaction between group and time. Animal nested
within group was considered a random effect. The statistical test of interest is the F-test for
the two-factor interaction between group and time. If this interaction was statistically
significant, it indicated that the changes in the studied parameter over time are different in
the three groups. A Bonferroni adjustment to the overall alpha level for the number of post
hoc pair-wise comparisons performed within group between measurement times and within
times between groups was used to control for the number of tests performed. To examine
differences in weight over the 31 day period (from baseline/pre-surgery day 0) to the day of
sacrifice (30 days following surgery) between groups, a quadratic growth curve model was
utilized. This provided a better fit to the nonlinear changes in weight over time. Time (Day)
was considered a continuous variable. The fixed effects in the model included group and
random effects included the intercept, linear day term, and the quadratic day? term. A
compound symmetric variance co-variance structure provided the best model fit. Differences
between groups for specific days (0, 1, 8, 10, and 30) were examined using the estimated
least squares means from a repeated measures mixed model and using a Bonferroni
adjustment to the overall alpha level for the number of comparisons made between groups.

Behav Brain Res. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmed et al. Page 8

For the MWM reversal training and testing outcomes, as well as molecular parameters, one-
way ANOVA was used to examine differences between the groups. A Tukey-Kramer
multiple comparison test was used to examine post hoc pair-wise differences.

3. INTEGRATED RESULTS AND DISCUSSION SECTION

3.1. RAS modulator/ AT2R agonist C21 reduced weight loss and enhanced recovery post-
stroke

The weight trend represented as % of baseline (pre-surgical weight) varied for the different
groups (Fig. 2), with the unstroked shams showing a significant preservation of their
baseline weight throughout the study compared to that of stroked animals. The stroked
animals showed marked weight loss at 24h post-stroke. These stroked animals continued to
lose weight for the first few days post-stroke. In fact, the weight of the unstroked shams was
significantly greater than that of stroked animals, compared to both C21 (P=0.0005) and
vehicle (P<0.0001) treated groups, at days 8 and 10. Also, the relative weight of C21 treated
animals was significantly greater than that of the vehicle treated group on both day 8
(P=0.0009) and day 10 (P=0.0008). Moreover, the C21 group showed complete recovery at
30 days post-stroke. This was not the case with the vehicle treated animals, which continued
to display lower weight for the remainder of the study. In fact at Day 30, C21 (P=0.0002)
and sham (P<0.0001) animals had significantly greater relative weights than vehicle treated
animals, with no difference between sham and C21 at day 30 post-stroke. Therefore, C21,
administered daily starting at 24 hours after tandem dMCAO significantly ameliorated
weight loss at 8, 10 and 30 days post-stroke, compared to vehicle-treated controls.

3.2. All animals experienced complete motor recovery at 28 days post-tandem dMCAO

Aged animals subjected to tandem dMCAO (permanent occlusion) showed visible
sensorimotor deficits within the first few hours of stroke. These deficits, marked with high
Bederson scores, were most pronounced at 24 hr post-stroke and did not differ markedly
between the different treatment groups at 28 days post-stroke (Fig. 3A) but were
significantly higher than sham at 24h (P<0.0001). Indeed, both treatment groups showed a
similar and significant sensorimotor recovery (P=0.0002 for C21 and P=0.0003 for vehicle)
from 24h to 28 days post stroke, as evident by similarly low Bederson scores and
comparable swimming abilities (Fig. 3B). The spontaneous motor recovery seen in our study
is in agreement with that of other investigators employing a similar model (tandem dMCAOQO)
in young untreated rats [41].

3.3. RAS modulator/ AT2R agonist C21 resulted in preservation of non-spatial recognition
and short-term working memory in aged rats post tandem dMCAO

Although there were no statistically significant differences in discrimination index (DI) or
recognition index (RI1) between any of the groups at baseline, a statistically significant two-
factor interaction between group and time was found for both DI (Fig. 4A) and RI (Fig. 4B),
indicating that the changes for each outcome over time in the groups had a different pattern.
Specifically, vehicle treated animals showed significant reductions in both DI and RI from
baseline to 4 weeks post-stroke, such that their DI and RI at week 4 post-stroke were
significantly lower than their baseline (P<0.000I) as well as to those of both sham and the
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C21 (P<.000I) groups at week 4 post-stroke. The sham and C21 treated animals; on the other
hand, stayed relatively constant from baseline to 4 weeks. They showed no statistically
significant differences in DI or RI between any of the different time points. A major
advantage of this test is that it does not involve reference memory components (e.g. explicit
rule learning), thus it can be considered a “pure” recognition memory test which reliably
evaluates non-spatial working memory related to the frontal subcortical circuits. So, while
sensitive to mPFC damage, performance is unaffected by lesions of the hippocampus and
rodents with hippocampal damage can perform normally on the NOR test, making it a more
selective index of mPFC function [41- 43], Another advantage is that this test does not
involve positive reinforcements (e.g. food so doesn’t require food restriction) or negative
reinforcements with strong aversive stimuli (e.g. electric shocks likely to produce stress and
may influence performance) thus making it more comparable to the memory tests used in
humans. This test, being quick and easy to implement, is therefore widely used for assessing
cognitive impairment in pre-clinical research [34, 35, 44- 46]. The animals treated with C21
showed superior performance on the NOR test, used to evaluate non-spatial working
memory, compared to vehicle treated animals. In fact, most of the C21 treated animals
showed discrimination and recognition indices that were not much different from their
original baseline pre-stroke values or from those of unstroked sham animals at 21 days post-
stroke.

3.4. RAS modulator/ AT2R agonist C21 resulted in preservation of reference memory and
facilitated associative learning in aged rats post tandem dMCAO

At baseline (before the surgical procedure), the PAT transfer/ step-through latency time
significantly increased on the retention trial as compared to the acquisition trial for all the
animals. These animals showed similarly high “differences” in the transfer/ step-through
latency times between acquisition and retention trials at baseline (Fig. 5A). This not only
indicates an intact reference memory, with retention of the aversive event, it also signifies
effectual associative learning and recall of the connection between properties of the chamber
and the foot shock. However, when this test was conducted again post-insult, only the sham
and C21 treated animals showed the expected increase in step-through latency on the
retention trial. In-fact the “differences” in the transfer/ step-through latency times between
acquisition and retention trials post-stroke was no different from their baseline /pre-stroke
values. This signifies a strong, stable long-term memory. On the other hand, the stroked,
vehicle treated animals quickly entered the shock arm on the post-retention trial. These
animals failed to show any meaningful increases in transfer/ step-through latency time on the
retention trial. Their latency difference at 28 days poststroke was significantly lower than
that of their baseline/pre-stroke values (P<0.0001)-effect of time- as well as significantly
lower than that of their C21 (P<0.0001) and sham (P<0.0001) counterparts-effect of
treatment. The protective effect of C21 treatment, on spatial reference memory, was
confirmed with the MWM probe test. For this test, the statistically significant two-factor
interaction between group and time existed for several parameters, indicating that the
changes in such outcomes over time had a different pattern for the two treatment groups.
While the aged vehicle treated rats, showed a significant increase (worsening) in latency to
reach the target platform zone at 4 weeks post-stroke compared to their initial baseline
values, the C21 treated animals actually showed decreases (improvements) in latency
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compared to their initial baseline values (Fig. 5B). These animals also tended to spend more
time in the target zone (Fig. 5C & D). These results are consistent with those of the PAT and
support the cognitive benefits of C21 which effectively preserved spatial, reference and
long-term memory in aged animals post-stroke.

3.5. RAS modulator/ AT2R agonist C21 was associated with improved cognitive flexibility
and reduced preservative behavior in aged rats post tandem dMCAO

As stated in the previous section, all animals displayed similar learning patterns on the initial
(NE platform location) training, a pattern was consistent at baseline and at 4 weeks
poststroke. Although the C21 treated animals did show an initial latency to target quadrant
that was significantly lower (better) than vehicle treated animals (P=0.0023) at 4 weeks post-
stroke (Fig. 5E), the other initial training parameters did not differ significantly between the
two groups at 4 weeks post-stroke. This was not the case with reversal training and testing,
for which several outcomes showed statistically significant differences between the two
treatment groups. C21 treated animals showed a significantly lower (better) latency to the
new target (SE quadrant) platform zone, than those of vehicle treated animals (P=0.0169) at
4 weeks post-stroke (Fig. 6A). These animals also showed significantly lower mean
distances to this new target zone (Fig. 6B) compared to vehicle treated animals (P=0.0046).
This means their swim pattern was more focused, as they tended to swim closer to this target
location while attempting to find it. Moreover, these C21 treated animals spent significantly
more time, in the new target (SE) quadrant (P=0.0062) and zones (P=0.0198) compared to
vehicle treated animals (Fig. 6C-E). This indicates that C21 treated animals maintained their
ability to learn new information post-stroke and these animals were also able to effectively
update information that had been previously learned before the stroke. On the other hand,
animals treated with vehicle could not learn the new target location. In fact, the vehicle
treated animals tended to display typical preservative behavior, which is characteristic of the
poor cognitive flexibility often associated with VCI [39]. These animals had a lower latency
to the previous quadrant (Fig. 6F). They also tended to spend more time in the previous
target (NE) quadrant (Fig. 6G) and they visited this previous location much more frequently
(P=0.0189) than animals treated with C21 (Fig. 6H). Vehicle treated animals committed
more preservative errors, defined as visiting of the previous platform location, used during
the initial reference memory training [39]. These deficits are attributed to difficulty with the
updating of information in response to changing environmental contingencies. This may
result from impaired consolidation or retrieval of brand new memories post-stroke, or with
difficulty inhibiting an adaptive or previously learned response when it became no longer
appropriate.

3. 6. RAS modulator/ AT2R Agonist C21 prevents cortical accumulation of AB;.45 in aged
animals post-stroke

Compound 21 is probably exerting its positive effects on cognition by multiple mechanisms.
Reducing inflammation and oxidative stress, as well as promoting cell survival through
upregulation of endogenous growth factors, have all been reported and have been recently
reviewed [47]. Although the primary endpoints in this investigation were behavioral, we
looked for impact on molecules associated with learning and memory. Animals treated daily
with C21, starting at 24 h after tandem dMC AO (permanent stroke), had markedly lower
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concentrations of amyloid beta (Ap1.42) in their prefrontal cortex at 30 days post-stroke than
those treated with vehicle (Fig. 7A). This is a novel finding, as we were the first to study the
effect of C21on AP accumulation in aged animals after permanent middle cerebral artery
occlusion. This reduction in brain Ap;.4> may be the result of improved clearance and
reduced synthesis or both. In fact we found that animals treated with C21 had relatively
higher concentrations of AB1.42 in their plasma and CSF (data not shown), which may
indicate improved clearance from brain parenchyma. While this difference did not reach
statistical significance, it may become apparent with future studies using a larger sample size
or a higher dose of C21. It may also indicate an additional mechanism of C21 involving
reductions in the synthesis Ap1.4o.

3.7. Aged animals treated with AT2R agonist C21 had no change in BDNF expression in
the prefrontal cortex at 30 days post-stroke

A growing body of evidence demonstrates that brain-derived neurotrophic factor (BDNF)
plays a crucial role in learning and memory[46]. Moreover, we have previously
demonstrated that the AT2R agonist, C21, increases BDNF expression after stroke in young
Wistar rats and reduced neurologic deficits and infarct volume when administered after
ischemia/ reperfusion [17]. In the current study, animals treated daily with C21, starting at
24 h after tandem dMCAO (permanent stroke), had no significant change in BDNF in their
prefrontal cortex at 30 days post-stroke compared to those treated with vehicle (Fig. 7B). It
is still possible that BDNF may have peaked during the initial phases post-stroke and was
involved in the reparative effects of C21.

4. Conclusion-Significance of the proposed research and its relevance to

population health:

At a time when stroke mortality is going down, the rate of stroke-related dementia almost
doubled between 1990 and 2000[48]. Unlike sensorimotor deficits which are often maximal
in the hours following stroke and tend to gradually improve, cognitive deficits increase over
time, in both patients [49]and experimental animal models [50]. Currently, there is no
established method/therapy for prevention of post-stroke cognitive impairment, apart from
general vascular risk factor management. Moreover, no cure is available once the cognitive
deterioration manifests. To our knowledge, this is the first study to investigate the long-term
effects of oral treatment with C21 on the development of post-stroke cognitive impairment in
aged normotensive animals. This permanent model of stroke was selected for several
reasons. First, this model is associated with low overall mortality and higher long-term
survival rates than other models, making it a preferred model in aged animals which are
more susceptible to complications including increases in intracranial pressure (ICP)
associated with edema and hemorrhagic transformation given their age and health condition
[51]. Furthermore, according to the standards recommended by the Stroke Therapy
Academic Industry Roundtable (STAIR), a permanent MCAO model should be studied first
before proceeding to transient models [51]. Since we were the first to study the effect of
longterm oral C21 treatment in aged rats, we opted for this model, which also allows better
control over infarct size and location, in addition to consistency and good reproducibility of
infarct, with visual confirmation of successful MCAQ[51]. This thorough investigation
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included a comprehensive sequence of neurobehavioral tests assessing the various aspects of
learning and memory in aged animals post-stroke. These tests were conducted both at
baseline and at different stages during treatment.

The present study demonstrated that the AT2R agonist, C21, when started 24 h post-stroke
and continued for 30 days, effectively prevented the development of PSCI in aged animals.
Therefore, long-term therapy with C21 may be the best approach for preventing PSCI in
various subsets of patients including non hypertensive or elderly patients, when BP lowering
should be avoided or in case of ARB allergies or intolerance.
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HIGHLIGHTS
. C21 reduced weight loss and enhanced recovery in aged rats post-stroke
. C21 preserved non-spatial and short-term working memory in aged rats post-
stroke
. C21 preserved reference memory and facilitated associative learning post-
stroke
. C21 improved cognitive flexibility in aged rats post-stroke
. C21 prevented cortical accumulation of AB1.4» in aged animals post-stroke
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Experimental Design- A long-term 2X2, randomized, double blind pre-clinical mini-trial
Young 4mnth
old male
wistar rats . Sham Daily PO treatment, Body weight& H20 intake monitored periodically
(n=20) (n=3)
Day 1 |_>| Day21|-5| Day2s |_)| Day2s || Day2830 | [ Days0
Ta[“:‘;"‘ dMCAO B eson NOR  PAT PAT  Bederson Sacrifice
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Aged Motor tests (=7
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Fig. 1:

Schematic depiction of experimental design
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Fig. 2: Effect of AT2R stimulation on the body weight of aged wistar animals post-stroke.
The weight trend is represented as % of baseline (pre-surgical weight). A compound

symmetric variance co-variance structure provided the best model fit. Differences between
groups for specific days (0, 1, 8, 10, and 30) were examined using the estimated least
squares means from a repeated measures mixed model and using a Bonferroni adjustment to
the overall alpha level for the number of comparisons made between groups (Group x Day x
Day effect: F=3.92, P=0.0895. (n = 6-7 animals/group). Symbols and error bars indicate
mean and SEM,

*indicate significantly different from sham

# indicate significantly different from treatment
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Fig. 3: Effect of AT2R stimulation on the sensorimotor function of aged wistar animals post-

stroke.

Sensorimotor function in aged animals determined by (A) Bederson test of gait and motor
coordination (Group x Time interaction: F(; 00)=0.50, P<0.4776) and (B) Swim speeds on

both initial and reversal tests of the Morris Water Maze (Probe Test F(y 12 6)=4.53,
p=0.0536; Reversal Test t(17)=-0.55, p=0.5949) as measures of swimming ability (a

parameter of motor function) for the different treatment groups, (n = 7 animal s/group).

Error bars indicate SEM,
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Novel Object Recognition Test
Aw B " ; :::ch
W a
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Baseline pre-tandem dMCAO Day 21 post-tandem dMCAD

Fig. 4: Effect of AT2R stimulation on the non-spatial working memory of aged wistar animals
post-stroke.
Effect of treatment on the (A) Discrimination Index (DI) (Group x Time interaction:

F(2.16)=23.33, P<0.0001) and (B) Recognition Index (RI) (Group x Time interaction:
F(2.16)=54.33, P=0.0003) of aged wistar rats, at 21 days post-stroke (n = 7 animals/group).
Repeated measures ANOVA mixed models were used to examine differences in outcomes,
between the groups over time. Bars and error bars indicate mean and SEM. Statistical
significance is denoted by *P<0.001 for post hoc pair-wise comparisons from baseline and
#P<0.001 for post hoc pair-wise comparisons “between groups” post-stoke, using the
Bonferroni adjusted alpha.
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Fig. 5: Effect of AT2R stimulation on reference memory and associative learning in aged wistar
animals post-stroke.

Reference memory and associative learning was assessed by the (A) Passive avoidance test
(Group x Time interaction: F(; 16)=10.73, P<.0000l) and Morris Water Maze probe test in
aged wistar rats. The platform was removed and rats were allowed to swim for 60 s in an
attempt to find it. Performance was evaluated by measuring (B) initial latency to the target
zone (GroupxTime interaction: F(; g 22)=4.26, p=0.0719) as well as (C) time spent in the
target zones (GroupxTime interaction: F(; 4=3.86, p=0.0695). (D) Heat maps illustrating
relative time spent in the various locations during the probe tests both before (pre-op probe)
as well as 4 weeks after stroke (post-op probe). The target (NE) quadrant is indicated with
black lines. (E) Initial training latency to target quadrant (Group xTime interaction:
F(1,13.22)=4.25, p=0.0596). (n = 7 animals/treatment group) Symbols and error bars indicate
mean and SEM, Repeated measures ANOVA mixed models were used to examine
differences in outcomes, between the groups over time.
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Fig. 6: Effect of AT2R stimulation on cognitive flexibility/ new learning in aged wistar animals
post-stroke.

Cogpnitive flexibility and “new” learning was assessed by the reversal training/ test.
Performance was evaluated by measuring (A) Latency to target zone (t(12)==2.77, p=0.0169)
(B) Distance to platform zone, which is how close they swim to target location while
attempting to find it(t(12)=-3.47, p=0.0046), (C) Duration in new target (SE) quadrant
(t(12)=3.31, p=0.0062) and (D) platform zone (t(12)=2.69, p=0.0198) which indicate effective
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consolidation and retention of the new memory (E) Heat maps illustrating relative time spent
in the various locations during the reversal, the target (SE) quadrants is indicated with black
lines. The (F) Latency to previous target (t12)=1.99, p=0.0830), (G) Duration in previous
(NE) target quadrant (t(12)=-1.60, p=0.1353) (H) Frequency to previous target (t(12=-2.71,
p=0.0189) are parameters indicating preservative behavior.(n = 7 animals/group, bars and
error bars indicate mean and SEM, a one-way ANOVA or two-sample t-test were used to
examine differences between the groups and a Tukey-Kramer multiple comparison test was
used to examine post hoc pair-wise differences.
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Fig. 7: Effect of AT2R stimulation on AP1.42 and BDNF in concentrations in the pre-frontal
cortex of aged wistar animals post-stroke.

Quantitative determinations of (A) AB1.42 and (B) BDNF concentrations in the pre-frontal
cortical lysates of aged wistar rats at 30 days post-stroke, (n = 7 animals/group, Error bars
indicate SEM, Statistical significance for post hoc comparisons using Tukey’s multiple

comparison procedure are denoted by *P < 0.05)
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